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Abstract 

An additive manufactured TiB2/Al-Cu-Mg-Ni composite with a minor amount of 

Sc was fabricated by laser powder bed fusion (LPBF). The composite shows a yield 

strength of ~370 MPa, almost doubling the strength of its wrought matrix counterpart, 

and an elongation of ~7 %. The superior mechanical properties are attributed to a unique 

micro-nano hierarchical microstructure, consisting of nanoscale and microscale TiB2 

particles dispersed in a matrix of fine aluminum grains (3 µm) together with 

intragranular intermetallic nanoparticles and nano-cellular networks (cell size 30 nm). 

The formation of the TiB2 nanoparticles is the consequence of partial dissolution of the 

TiB2 particulates and the enrichment of Sc in the newly formed nanoparticles. 
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Remarkable strengthening effects are achieved by the bimodal TiB2 particles, 

intermetallic nanoparticles and intragranular nano-cellular networks. This study 

provides new insights into the role of additive manufacturing in tailoring the 

microstructure of particulate reinforced metal matrix composites (MMCs) with 

advanced properties.  
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1. Introduction  

Additive manufacturing (AM) of aluminum alloys shows a great potential for the 

rapid fabrication of complex geometric components in the aerospace and automotive 

industries [1–3]. Among different AM technologies, laser powder bed fusion (LPBF) is 

broadly chosen in processing aluminum alloys and aluminum matrix composites [4,5]. 

Al-Si casting alloys, such as AlSi10Mg [6], are common alloys for LPBF attributed to 

their excellent printability. But their applications are limited by medium strength and 

low ductility. Meanwhile, wrought aluminum alloys, such as Al–Cu–Mg (2xxx series), 

have superior strength and ductility, but suffering from a high susceptibility to cracking 

during LPBF. The mechanical properties of AM Al–Cu–Mg alloys are, therefore, not 

comparable with their wrought counterparts [7]. AM of high strength Al–Cu–Mg alloys 

remains challenging.  

Efforts have been made by adding a high concentration of Sc and Zr as inoculants 
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in various aluminum alloys to enhance the printability and mechanical properties by 

forming Al3(Sc, Zr) intermetallic particles, such as Scalmalloy®, designed for AM 

lightweight and high-performance components of complex geometry for the aerospace 

industries [8–12]. However, despite of the superior mechanical properties, such strategy 

is hindered economically by a high percentage of Sc addition. An alternative method is 

to fabricate particulate reinforced metal matrix composites (PRMMCs) [5]. Particle 

reinforcements not only strengthen the aluminum matrix but also act as heterogeneous 

nuclei promoting fine equiaxed aluminum grains and, therefore, reducing the 

susceptibility to cracking [13]. Moreover, extraordinary strengthening is enabled by 

LPBF of PRAMCs compared to tradition casting methods. First, the extremely high 

cooling rate (~105–106 K/s) of LPBF activates a large fraction of the reinforcing 

particles as effective nuclei for grain refinement [14,15], causing an improved grain 

boundary strengthening effect. Additionally, the Marangoni melt flow during LPBF 

benefits a uniform dispersion of the reinforcing particles, enhancing particle 

strengthening effects by alleviating possible particle clustering [16]. Furthermore, the 

high temperature of the melt pool potentially causes the decomposition or dissolution 

of the reinforcing particles and their reprecipitation subsequently [17,18], resulting in 

the refinement of reinforcing particles for an enhanced strengthening effect.  

Amongst the reinforcements, TiB2 particulates are particularly favorable as both a 

good grain refiner and a reinforcing phase for aluminum alloys [19,20], and can be 

fabricated in-situ in Al alloys and subsequently gas-atomized to TiB2/Al composite 

feedstock powders for AM [21–23]. LPBF aluminum alloys with in-situ TiB2 
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particulates outperform their composites with ex-situ particulates, in terms of finer 

particle size and superior mechanical properties [23–25]. Moreover, further 

modification with a small amount of rare-earth elements, such as Sc, promotes the 

refinement and dispersion of TiB2 reinforcing particulates [26,27], benefiting a better 

mechanical performance. Additionally, although it is still questionable whether TiB2 

particles survive melting or dissolve and reform upon the rapid cooling under the high 

temperature in the melt pool, such process is suggested in recent studies [18,28,29]. 

TiB2 particles can be partly melted and reprecipitate as ultrafine nanoparticles during 

LPBF, showing remarkable strengthening effect [18]. 

AM also refines intermetallic phases remarkably to metastable nano-sized particles 

or precipitates, resulting in a considerable strengthening effect due to their ultrafine size, 

for example, nano-Si precipitates in AlSi10Mg alloys [23]. In LPBF Al-Cu-Mg alloys 

modified by TiB2 particulates, Cu/Mg-rich compounds are distributed mostly in 

intergranular zones, while nano-sized precipitates are scarcely seen inside the 

aluminum grains [22,30]. In comparison, a recent work reported that a high number 

density of nano-sized Al3Ni intermetallic particles dispersed ubiquitously in a LPBF 

Al-Ni alloy, causing an evident strengthening effect [31]. The formation of ultrafine 

Al3Ni intermetallic particles is attributed to the lower diffusivity and solubility of Ni in 

Al, compared to Cu and Mg [32,33]. Moreover, nano-sized Al-Cu-Ni type 

intermetallics are also revealed in several LPBF aluminum alloys [34,35], which have 

higher hardness and moduli than Al3Ni, promising to provide an enhanced 

strengthening effect [36,37]. The addition of Ni in Al-Cu-Mg alloy is, therefore, 
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inspired for LPBF to obtain a large density of fine-sized Al-Cu-Ni type intermetallic 

particles with a considerable strengthening potential. Furthermore, Al-Cu-Ni type 

intermetallics have good thermal-stability [31,37], enabling potential applications at 

elevated temperatures [38].  

The paper reports our findings on a LPBF Al-Cu-Mg-Ni composite that is 

reinforced with in-situ TiB2 particulates and modified with small amount of Sc. The as-

built composite delivers outstanding mechanical properties, attributed to its unique 

refined micro-nano architectured microstructure enabled by AM. The microstructure is 

characterized by fine aluminum grains with uniformly dispersed TiB2 particulates in the 

micrometer level, while a high number density of intermetallic and TiB2 particles 

disperse ubiquitously throughout of the aluminum grains at a nanoscale. The presence 

of an ultrafine cellular structure that is defined by three-dimensional networks is also 

revealed within each aluminum grain. The behavior of reinforcing particles during 

LPBF and their effects on strengthening are revealed, shedding light on the great 

potential of AM on the design of high strength aluminum matrix composites. 

 

2. Material and methods 

TiB2 particulates were produced in-situ via chemical reactions of a mixture of 

KBF4 and K2TiF6 salts with the molten Al matrix in an induction furnace at 730 °C for 

30 min [39]. The TiB2/Al composite melt was stirred by an electromagnetic force in an 

induction furnace and the slag was removed before casting into ingots. The ingots were 
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remelted and gas-atomized into feedstock powders that are dispersed with the in-situ 

TiB2 particulates. Powders that are falling in the range of 15~65 µm in size were chosen 

for LPBF (Fig. 2(a)). Both one-inch cubes and dog-bone shaped tensile specimens were 

printed using a Renishaw RenAM400TM additive manufacturing machine with a spot 

size of 70 μm. The specimens were built layer-by-layer with a rotation of 90° in 

orientation between two consecutive layers on an aluminum alloy baseplate without 

preheating. The hatching distance and layer thickness were set as 100 μm and 25 μm, 

respectively. A high purity argon gas atmosphere was maintained to minimize oxidation 

during processing. The laser power and scan speed were optimized as 90 W and 1200 

mm/s, respectively, after evaluating the density of the one-inch cubes and the 

mechanical properties of the as-printed samples with different processing parameters 

(Fig. S2). The chemical compositions of the feedstock powder and the LPBF composite 

are given in Table S1, referring to the composition of commercial Al2618 alloy with a 

low Fe content and the addition of 0.11 % Sc. The volume fraction of TiB2 particulates 

is 4.9 %.  

Dog-bone shaped samples with the gauge length of 25.4 mm, width of 6 mm, and 

thickness of 3 mm were uniaxial tensile tested following the ASTM E8 standard. The 

tests were conducted on an ATS900 machine at room temperature (25 °C) at a strain 

rate of 10-3 s-1. The tensile direction was perpendicular to the build direction (BD). 

Three parallel tensile tests were conducted. For comparison, samples of the TiB2/Al 

composite and matrix alloy ingots were subjected to traditional hot rolling, which were 

described in a previous work [40] and in Supplementary Material A. Micro-CT 3D 
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scanning was conducted on a Zeiss Xradia 510 VersaTM machine, to examine the 

distribution of TiB2 particulates and pores inside the bulk sample at a resolution of 5.8 

micrometers and a zoom-in resolution of 1 µm. Polished specimens were etched by 

using a Keller’s reagent for microstructural analyses using a Leica DM-LM/P optical 

microscope (OM), followed by a detailed analysis with a Quanta 3D field emission 

scanning electron microscope (FESEM) in a backscattered electron (BSE) imaging 

mode, equipped with an energy dispersive X-ray spectrometer (EDS) under 10 kV 

accelerating voltage. Electron backscattered diffraction (EBSD) experiments were 

operated at an acceleration voltage of 15 kV and a working distance of ~ 15 mm with a 

scanning step size of 0.1 µm on an FEI Quanta 650 with a field emission gun (FEG), 

and a MAIA3 TESCAN field emission scanning electron microscope (SEM) with a 

scanning step size of 0.34 µm. The acquired data were processed using the orientation 

imaging microscopy (OIM) software. The data with a confidence index (CI) value 

greater than 0.1 were used to ensure the quality and reliability of the orientation maps. 

Samples for transmission electron microscopy (TEM) were prepared by mechanical 

grinding and punching into 3 mm disks followed by electro-polishing with a nitric acid-

methanol solution (1:3 in volume ratio) at -20°C under a voltage of 15 V. TEM analyses 

and corresponding EDS chemical mapping were carried out on a Thermo-Fischer FEI 

Talos 200X TEM microscope operated at 200 kV equipped with a high angle annular 

dark field (HAADF) detector and SuperX EDS with four silicon drift detectors. All the 

EDS maps were captured under the drift correction mode. Image analyses were 

conducted by the ImageJ software for the measurement of grain size, as well as the size 
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and volume fraction of TiB2 and intermetallic phases. Fast Fourier Transform (FFT) of 

the HRTEM images was conducted by using DigitalMicrographTM software. Electron 

diffraction patterns were simulated with CryTBox software for indexing the phases [41].  

Furthermore, to help understand the microstructure evolution in the melt pool 

during LPBF, a 3D heat-transfer FE simulation was performed to simulate a single-

track laser beam scanning across the sample with a moving Gaussian heat source via 

the commercial software Abaqus. The simulation is described in detail in 

Supplementary Material B. Additionally, in order to measure the solidification front 

velocity (SFV) in LPBF, the melt pool of a 7-series commercial aluminum alloy was 

in-situ monitored using a high-speed synchrotron X-ray imaging technique with an 

identical scanning velocity to the studied LPBF TiB2/Al composite for reference. The 

details of the technique were given in a previous paper [42].  

 

3. Results 

The tensile stress-strain curves of the LPBF TiB2/Al composite against its hot-

rolled counterparts are shown in Fig. 1(a). The as-build composite exhibits a yield 

strength (YS) of 367.4 ± 2.7 MPa, ultimate tensile strength (UTS) of 451.5 ± 2.8 MPa 

and elongation of 6.5 ± 0.4 %. A yield plateau is clearly seen from the stress-strain curve 

of the as-built composite, ranging from the yield point to a nominal strain of 

approximately 0.02 due to the propagation of the Lüders bands, similar to the findings 

in other LPBF TiB2/Al-Cu alloys [22,30]. The LPBF composite has a remarkable 
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improvement both in strength and ductility, compared to its hot-rolled matrix alloy and 

composite counterparts at both as-rolled and T6 states. The UTS of the LPBF composite 

is nearly doubled compared to that of the as-rolled matrix alloy and composite, and also 

superior to those of T6 treated. From Fig. 1(b), the as-built TiB2/Al composite in this 

study exhibits a superior UTS than other reported as-built LPBF Al-Cu-Mg alloys (such 

as Al2024, A205 and Al2618 alloys) [24,43–45] and their composites reinforced by 

TiB2 particulates [22,24,30,43,46–49]. Furthermore, without heat treatment, the as-built 

TiB2/Al composite exhibits a higher UTS and a comparable elongation to failure, 

compared to the majority of T6 treated commercial wrought Al2618 alloys 

[37,38,45,50–55]. Meanwhile, the as-built composite with only 4.9 vol. % in-situ TiB2 

particulates reaches a comparable UTS and an improved elongation than the T6 treated 

wrought Al2618 matrix composites reinforced with a 10~20 % volume/weight fraction 

of ex-situ Al2O3 or SiC particles in other studies [50,52].  

 

 

Fig. 1. (a) Representative engineering stress-strain curves of the LPBF TiB2/Al 

composite in comparison to the hot-rolled alloy and composite counterparts. (b) The 

comparison of mechanical properties of LPBF and T6-state wrought Al-Cu-Mg alloys 

and composites in literatures [20,22,28,35,36,40–53].  
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An overview of the microstructure of the LPBF composite is given in Fig. 2. Fig. 

2(a) presents the feedstock powders with a high degree of sphericity. TiB2 particulates 

are dispersed throughout of the powders, both on the surfaces and inside the powders, 

as shown in Fig. 2(a), inserted a size distribution of the powders. A reconstructed 3D 

OM image in Fig. 2(b) shows fish-scale patterns along BD, formed by the layer-by-

layer solidified melt pools. A 3D reconstructed BSE image of the composite is presented 

in Fig. 2(c). The bright particulates refer to TiB2, which are dispersed uniformly in all 

three directions. Micro-CT 3D scanning in Fig. 2(d) shows the spatial distribution of 

pores and TiB2 particulates throughout a cylindrical sample without discernable cracks. 

The smaller purple particles refer to individual TiB2 particulates, while the blue, green 

and red-colored ones are micro-pores. Most pores are spherical while a few of them are 

elongated perpendicular to BD. The pores have a maximum equivalent diameter of 70 

μm with a majority being smaller than 50 μm, as shown in Fig. 2(e). The total porosity 

of the LPBF composite is approximately 1.5 % in the observed region. The EBSD 

mappings in Figs. 2(f) and (g) reveal a fine equiaxed grain structure with an average 

grain size of 3.1±0.4 μm of the LPBF composite. No obvious texture can be identified 

from the random coloration of the EBSD IPF image. The unindexed black zones, as 

noted in Figs. 2(f) and (g), refer to TiB2 particulates or their clusters, which are 

distributed mainly at grain boundaries with sizes of the micrometer level. Compared to 

its hot-rolled composite counterpart in Fig. S1(d), the dispersion of the micro-sized TiB2 

particulates in the LPBF composite is homogenized and the grain size is reduced 
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remarkably from ~50 μm to ~3 μm.   

 

 

Fig. 2. (a) SEM images showing the morphology and the cross-section microstructure 

of TiB2/Al composite powders, inserted a size distribution of the powders. Constructed 

3D (b) OM and (c) backscattered electron (BSE) images of the LPBF composite. (d) A 

micro-CT image shows the spatial distribution of pores and TiB2 particulates with (e) 

the size distribution histogram. (f, g) EBSD inverse pole figures (IPF) map of the LPBF 

composite taken from x-y and x-z plane, respectively (Z axis refers to BD). 

 

Fig. 3(a) presents a local SEM BSE image across a melt pool boundary, showing a 

refined microstructure of the LPBF composite with uniformly dispersed micro-sized 

TiB2 particulates against the background filled with nano-sized intermetallics, 

compared to the severely agglomerated TiB2 particulates and coarse intermetallics in 

its hot-rolled counterpart (Fig. S1). The size and distribution of TiB2 particulates show 

no evident differences with respect to the melt pool boundary. The coarsening of the 

intermetallics near the melt pool boundary, as reported in other studies [22,56], is not 

seen clearly in the TiB2/Al composite. The HAADF-STEM image in Fig. 3(b) gives a 
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magnified view of the refined intermetallics in multiple aluminum grains. The 

intermetallics appear either as elongated rods along the grain boundaries or as discrete 

spherical nanoparticles with a fairly high number density throughout the aluminum 

grains. EDS elemental mappings in Fig. 3(c1) and (c2) show the intermetallics being 

enriched in either Cu or Ni or both, while Mg is only partly enriched in the 

intermetallics and tends to be a solute element in the aluminum matrix as seen from Fig. 

3(c3). Moreover, from the elemental mapping of Ti in Fig. 3(c4), it is interesting to note 

that plenty of Ti-enriched tiny spots are seen ubiquitously throughout the aluminum 

grains, which are likely fine-sized TiB2 particles that are not directly seen in the SEM 

images in Fig. 3(a). The findings suggest the existence of intragranular TiB2 

nanoparticles in the LPBF composite, which will be further analyzed later. Additionally, 

high density dislocations are observed inside the grains, associated with the 

intragranular nanoparticles as shown in the TEM-BF image of Fig. 3(d). Fig. 3(e) 

presents the HAADF image of several micro-sized TiB2 particulates (noted as micro-

TiB2 thereafter) with corresponding elemental mappings of Ti, B and Sc. Evidently, Sc 

is enriched in these diboride particulates. The enrichment suggests the formation of 

(Ti,Sc)B2 solid solution compounds through substitution of Ti by Sc [57]. A near-

rational orientation relationship (OR) between a micro-TiB2 particle and the aluminum 

matrix is elucidated from the FFT patterns from the HRTEM images in Fig. 3(f). The 

OR is elucidated as TiB2 [112̅0] // Al [110] and TiB2 (0001) // Al (1̅11), indicating a 

highly coherent interface as commonly reported in studies on nucleation of α-Al on 

TiB2 particulate [58,59]. The size distributions of the TiB2 and intermetallic particles 
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are presented in Figs. 3(g) and (h), respectively, by quantitative analyses from a series 

of SEM and TEM images. The micro-TiB2 particulates in the LPBF composite (Fig. 

3(a)) follow a typical lognormal size distribution, averaging at 0.784 μm. From Fig. 

3(g), the average size of the micro-TiB2 particulates in the LPBF composite is slightly 

increased than that in its hot-rolled counterpart (Fig. S1(d)). The intragranular 

intermetallics and TiB2 nanoparticles (noted as nano-TiB2 thereafter) are ultrafine in 

sizes, averaging at ~70 nm and ~30 nm, respectively, as presented in Fig. 3(h).  

 

 

Fig. 3 (a) A high magnification BSE image of the LPBF composite showing micro-TiB2 
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particulates with refined intermetallics presented in the background; (b) HAADF 

STEM image showing ubiquitous distributed nanoparticles in several aluminum grains 

with (c1~c4) corresponding EDS elemental maps; (d) Local magnified TEM bright 

field (BF) image showing high density dislocations associated with intragranular 

nanoparticles; (e) HAADF image of several micro-TiB2 particulates with corresponding 

elemental mapping of Ti, B and Sc; (f) HRTEM image of a coherent micro-TiB2/Al 

interface with corresponding FFT patterns; Size distributions of (g) the micro-TiB2 

particulates in the LPBF and hot-rolled composites, and (h) nano-TiB2 and intermetallic 

nanoparticles in the LPBF composite. 

 

 

Fig. 4 (a) HAADF image showing the intermetallic nanoparticles and nano-TiB2 in an 
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aluminum grain; (b) Local magnified box b in Fig. 4(a) showing nano-TiB2 particles 

engulfed in aluminum matrix with corresponding EDS elemental maps; (c) Local 

magnified box c in Fig. (a) showing the nano-cellular networks with corresponding 

EDS elemental maps; (d1~g1) HRTEM images taken from Al [110] axis showing four 

individual nano-TiB2 particles inside the grains with the corresponding FFT patterns of 

the nano-TiB2/Al interface shown in (d2~g2), respectively.  

 

The HAADF image in Fig. 4(a) furtherly reveals the microstructural details inside 

an aluminum grain, showing uniformly dispersed intragranular nanoparticles against 

the background filled with ultrafine nano-cellular networks. Fig. 4(b) presents several 

nano-TiB2 particles in the aluminum grain with corresponding EDS elemental maps. It 

is found that Sc is also enriched in the nano-TiB2 particles, the same as the case of 

micro-TiB2 particulates in Fig. 3(e). The magnified HAADF image in Fig. 4(c) shows 

an ultrafine nano-cellular network structure. The cell width is approximately 30 nm in 

average. The cell walls are less than 10 nm in diameter enriched in Cu and Mg as shown 

from its corresponding EDS maps. The interfaces between several intragranular nano-

TiB2 and aluminum matrix reveal potential ORs from a number of HRTEM images in 

Figs. 4(d1~g1). Different ORs are suggested from their corresponding FFT patterns in 

Figs. 4(d2~g2). Fig. 4(d2) suggests the same OR (OR1) between particle P1 and 

aluminum matrix as the OR between micro-TiB2/Al in Fig. 3(f). Meanwhile, another 

OR (OR2) between the nano-TiB2 particle (P2) and aluminum matrix is suggested as 

TiB2 [211̅̅ ̅0] // Al [110] and TiB2 (0001) // Al (001), as shown in Fig. 4(e2). Both OR1 

and OR2 are well documented low-energy crystallographic relationships between TiB2 

and α-Al [59]. Moreover, other ORs deviated from the above two systematic 
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crystallographic orientation relationships (OR1 and OR2) are also revealed between P3, 

P4 and aluminum matrix as Figs. 4(f2) and (g2), noted as OR3 and OR4, respectively. 

The presence of these ORs suggests that the engulfed nano-TiB2 particles can either 

perform a systematic or a random OR with α-Al. 

 

4. Discussion 

The LPBF TiB2/Al composite exhibits a unique refined micro-nano hierarchical 

microstructure. Aluminum matrix of equiaxed aluminum grains of ~3 µm in size is 

reinforced by uniformly dispersed bimodal TiB2 ceramic particles (micro-TiB2 of ~0.8 

µm and nano-TiB2 of less than 100 nm in sizes). The intermetallics are also greatly 

refined to a high number density of nanoparticles together with nano-cellular networks 

consisting of Cu/Mg-rich cell walls ubiquitous distributed inside aluminum grains. 

Attributing to the LPBF processing, the resultant microstructure of the TiB2/Al 

composite is refined significantly comparing with the microstructure of the hot-rolled 

composites (Fig. S1). In the following paragraphs, the underlying mechanisms for the 

formation of such microstructure, as well as the correlation between the particular 

microstructural features and the outstanding mechanical properties will be discussed. 

4.1.Microstructure evolution during LPBF 

As shown in Fig. 2(d), elongated pores are typical observed in the LPBF composite. 

Such elongated pores are suggested to form at the melt pool boundaries due to the lack-
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of-fusion during the layer-by-layer building process or the presence of oxidized 

powders, from in-situ synchrotron X-ray imaging of the LPBF process in related studies 

[42,60]. The lack-of-fusion elongated pores in the LPBF composite indicate non-fully 

melting in certain areas. The melting mode is therefore suggested as in the conduction 

regime, in which heat transfer dominates over convection. As a result, as applied in 

related studies [43,61], a 3D heat-transfer FE simulation was performed to describe the 

temperature distribution and relevant solidification parameters, such as cooling rate, 

thermal gradient, and SFV, in the melt pool upon a single laser beam scanning of the 

composite powders (see Supplementary Material B) without considering the 

hydrodynamics. The microstructural evolution of the TiB2/Al composite during the 

rapid melting and solidification in the melt pool is illustrated as follows, referring to 

the FE simulation results in Fig. 5(a) and Fig. 6.  

As the laser beam scans over a certain location, its temperature increases instantly 

to a maximum around 2300 °C in the melt pool, as shown in Fig. 6(a). The aluminum 

alloy is melted, leaving TiB2 particulates in the liquid Al pool. Previous studies assumed, 

in general, that TiB2 particulates are thermally stable and maintain their size and 

composition during LPBF since the maximum temperature in the melt pool is lower 

than the melting point of TiB2 [23]. However, recent studies suggested that TiB2 can be 

partially melted under high temperature in the melt pool [18,46]. The dissolution of 

TiB2 in aluminum melt is as small as 10-11, close to zero at 700 °C [20], but increases 

rapidly with the increase of temperature. At 1300 °C, the solubility reaches 0.035 wt.% 

Ti and 0.016 wt.% B, equivalent to 0.051 wt.% TiB2 [62]. Thus, the dissolution of TiB2 
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in aluminum is highly probable under the high temperature during LPBF, presented by 

the diffusion of Ti and B solute elements in the molten aluminum alloy [63], and rapidly 

dispersed by a turbulent flow of relatively high fluid velocity (> 0.5 m/s) [64,65]. 

Meanwhile, the Marangoni convection within the pool induces a capillary force 

promoting the uniform dispersion of the remaining micro-TiB2 particulates [66,67], as 

shown schematically in Fig. 5(c1).  
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Fig. 5. (a) The simulated temperature field within the melt pool from the cross-section 

view during the single track LPBF process (Temperature of the gray colored region is 

lower than the solidus temperature of the aluminum matrix. SD refers to the scanning 

direction). (b1) Real-time observation of LPBF of aluminum alloy with the scanning 

velocity of 1200 mm/s identical to this study. (b2) The average SFV at the mid-depth 

of the melt pool in every 20 µs time interval measured from Fig. (b1). (c1~c4) 

Schematic images showing the typical microstructure evolution of the TiB2/Al 

composite during the solidification of the melt pool. (d) Evolution of the phase fraction 
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in the matrix alloy simulated under the Scheil solidification condition. (e, f) Schematic 

images showing the evolution of intermetallics during the solidification of the melt pool. 

 

As the laser beam moving forward, the melt pool cools down rapidly, resulting in 

the co-precipitation of Ti and B solute elements into ultrafine nano-TiB2 particles (down 

to ~10 nm) ubiquitously dispersed in the aluminum melt, as shown schematically in Fig. 

5(c2) and observed in Figs. 3 and 4, which have been rarely reported in various cast 

and AM TiB2/Al composites [21–23,68]. Due to an extremely high cooling rate (at a 

magnitude of 106~107 K/s) and a short dwell time (less than 0.1 ms) as simulated in Fig. 

6(c), the precipitated TiB2 particles show an ultrafine size (~10 nm) under the large 

undercooling without enough time for coarsening, as proposed in a LPBF TiB2/TiAl 

composite [18] and a rapidly solidified TiAl-B alloy [69]. Meanwhile, the enrichment 

of Sc in both micro-TiB2 and nano-TiB2 particles is revealed as shown in Figs. 3(e) and 

4(b), respectively. The enrichment of Sc in TiB2 was also observed by others when 0.1 

wt. % Sc was introduced into CP-Al alloys that was grain refined by Al-5Ti-1B [57]. It 

was proposed that the diffusion of Sc into TiB2 nanoparticles is appreciated by 

substituting Ti [70]. In this study, the addition of 0.11 wt. % Sc also results in the 

diffusion of Sc into micro-TiB2 particulates. In addition, it is more likely that Sc and Ti 

co-precipitate with B to form (Ti,Sc)B2 nanoparticles in the melt during LPBF [71]. 

The enrichment of Sc in the TiB2 reduces the interfacial energy and increasing the 

interfacial wettability, which improves the dispersion and restricts the growth of nano-

TiB2 nanoparticles [27]. Additionally, the preferential adsorption of Sc on the {12̅12}, 

{112̅ 0}, and {101̅ 1} planes of TiB2 inhibits the growth of these facets effectively, 
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promoting the formation of polyhedral or quasispherical nano-TiB2 particulates [26]. 

The precipitated TiB2 nanoparticles in this study are generally equiaxed therefore, 

different from the plate-shaped TiB2 nanoparticles observed in other studies without Sc 

addition [18,69]. 

Subsequently, solidification of the melt pool begins with the nucleation and growth 

of aluminum grains, when the melt pool continues to cool down to the solidification 

temperature range of the aluminum matrix. The rapid solidification of the studied 

aluminum alloy matrix is simulated under the Scheil condition as shown in Fig. 5(d), 

given the corresponding chemical composition of the aluminum matrix. The result 

shows that the solidification is initiated at 641 °C (Tl) and completed at 515 °C (Ts). 

According to the free growth model [72], the nucleation and free growth of a grain from 

an inoculate particle at an undercooling inversely proportional to the particle diameter. 

Due to the rapid cooling of AM and, therefore, a large degree of undercooling, the micro 

and even submicron-sized particulates are activated as nucleation substrates [14,15]. As 

a result, a high number density of micro-TiB2 particulates is activated for the 

heterogeneous nucleation of aluminum grains, as illustrated in Fig. 5(c3), preferentially 

forming a coherent interface with aluminum matrix (OR1), as shown in Fig. 3(f). The 

grains are significantly refined, therefore. According to the interdependence model [73], 

the grain size (𝑑𝑔𝑠) is predicted as the sum of the distance of nucleation free zone (𝑥𝑁𝐹𝑍) 

and the distance to the next activated nucleant particle (𝑥𝑠𝑑) as Eq. 1. 

 

𝑑𝑔𝑠 = 𝑥𝑁𝐹𝑍 + 𝑥𝑠𝑑 (1) 
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Under the rapid solidification condition associated with laser melting, 𝑥𝑁𝐹𝑍 can 

be significantly decreased to a magnitude of 10-2 µm [14], due to the high grain growth 

velocity and a less degree of dependency on the solute content of the alloy. As a result, 

𝑥𝑁𝐹𝑍 is much smaller compared to the grain size and can be neglected. The grain size 

𝑑𝑔𝑠 is approximately equal to 𝑥𝑠𝑑. 𝑥𝑠𝑑 is related to the interparticle spacing of the 

activated micro-TiB2 particulates of this study, which can be calculated as Eq. 2 [74]. 

 

𝑥𝑠𝑑 = 1.12
𝑑𝑝

(𝑉𝑝
∗)1/3

 (2) 

 

where 𝑑𝑝 and 𝑉𝑝
∗ is the average size and the volume fraction of the activated TiB2 

particulates, respectively. In the studied LPBF TiB2/Al composite, assuming a uniform 

dispersion of micro-TiB2 particulates with an average size of 𝑑𝑝 (0.784 μm) and taking 

𝑥𝑠𝑑 as the grain size 𝑑𝑔𝑠 (3.1 μm), 𝑉𝑝
∗ is estimated as 2.3 % from Eq. 2, which is 

almost 50 % of total volume fraction of TiB2 particles (𝑉𝑝=4.9 %). 

Additionally, from Fig. 3(c4) and Fig. 4(b), nano-TiB2 particles are commonly 

located inside the aluminum grains, contradictory to other observations that TiB2 

nanoparticles are preferentially pushed to grain/cell boundaries in LPBF aluminum 

alloy [23,75]. So far, a couple of particle pushing/engulfment models have been 

proposed, predicting that a quite high SFV is required (0.1~1 m/s) for capturing a 

nanoparticle with a radius of less than 100 nm [76]. During LPBF, the SFV (V) is 

expressed as 𝑉 = 𝑉𝑠 cos (𝜃), related to the laser scanning velocity (𝑉𝑠) and the angle 
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between the solidification front normal and the laser scanning direction (𝜃). From the 

FE simulation results in Fig. 6(d), the SFV varies from 1.2 m/s to 0.5 m/s with the 

increase of the melt pool in depth. The SFV at the mid-depth position (at a depth of ~15 

µm) is estimated as 0.93 m/s. As a reference, the motion of the solidification front (melt 

pool rear wall) at the mid-depth position of the melt pool was monitored in-situ by high-

speed synchrotron X-ray imaging on an aluminum alloy, as shown in Fig. 5(b1) with 

an identical laser scanning speed to the studied TiB2/Al composite (1200 mm/s). The 

measured SFV is fluctuated in the range of 0.2~1 m/s from the results in Fig. 5(b2). 

Despite of their differences, both simulated and in-situ observed melt pools indicate a 

rather high SFV with a magnitude of 10-1~1 m/s at different depth of the melt pool, 

which enabled the engulfment of nano-TiB2 particles, as illustrated schematically in Fig. 

5 (c3) and (c4). Under the traditional casting condition, a large portion of TiB2 particles 

(70 %) that are engulfed in aluminum grains maintain one of two well-defined 

orientation relationships with the aluminum matrix, i.e. OR1 or OR2 in the current study, 

tending to form low-energy crystallographic relationships with the matrix in favor of 

the engulfment [59]. Comparatively, from Figs. 4(d~g) of this study, except for OR1 or 

OR2, two different ORs (OR3 and OR4) between the engulfed nano-TiB2 and 

aluminum matrix are also revealed, indicating the formation of incoherent and high-

energy nano-TiB2/Al interfaces at a high SFV during LPBF. 

While the TiB2 particles and the matrix aluminum grains are refined, a remarkable 

refinement of intermetallics is also realized by LPBF, appearing as the ubiquitous 

distribution of the intermetallic nanoparticles throughout the aluminum grains, as 
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shown in Fig. 3(b). Despite of this, only very limited amount of intragranular 

intermetallics particles can be observed in LPBF Al-Cu-(Mg) alloys modified with Ti 

or TiB2 nanoparticles [22,30,44]. In comparison, in this study, a high number density of 

intragranular Cu/Ni-rich intermetallic nanoparticles are formed in the TiB2/Al-2.4Cu-

1.7Mg-1.2Ni composite, equivalent to the substitution of ~1.2 wt. % Cu by Ni of the 

Al2024 alloy. From the simulation in Fig. 5(d), two eutectic reactions are suggested 

during the solidification of the matrix alloy: L→fcc-Al + Al3Ni at 617 °C and L→fcc-

Al + S (Al2CuMg) at 515 °C, which is the solidus temperature (Ts). Based on the 

simulation and the observation of the intermetallics in Figs. 3(b) and 4(a), it is indicative 

that the intragranular Cu/Ni-rich intermetallic particles precipitated from the liquid as 

primary solidification phase during the rapid solidification of the melt pool, located 

inside the aluminum grains. Cu, Mg and the remaining Ni solutes segregated at grain 

boundaries forming intergranular intermetallics before the completion of the 

solidification. In addition, a high SFV also results in solute trapping during rapid 

solidification [77], especially for Cu and Mg in the aluminum matrix (Table S4) and 

confirmed by the EDS elemental mappings in Fig. 3(c). The evolution of the 

intermetallics during the solidification of the LPBF composite is summarized in Figs. 

5(e) and (f) schematically.  

The intermetallic nanoparticles in LPBF TiB2/Al composite exhibit an ultrafine 

size of ~70 nm in average, attributed to a rather short diffusion distance for solute 

elements due to rapid solidification. According to the calculation of an Al-7Si alloy 

melt, the predicted length of diffusion of solute Si is less than 50 nm at a SFV higher 
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than 0.05 m/s [78]. In this study, the diffusion coefficients of Cu (4.5×10−9 m2/s) and 

Ni (3.1×10−9 m2/s) solutes are both at the same magnitude of Si (2.6×10−9 m2/s) at Tl 

(641 °C) [32]. Consequently, the expected diffusion length of Cu and Ni solutes are the 

same order of magnitude as the solute diffusion length (several tens of nanometers) at 

a high SFV, which is close to the size of the Cu/Ni-rich intermetallic nanoparticles in 

this study. In addition, the Cu/Ni-rich intermetallics are also highly resistant to 

coarsening under elevated temperatures, indicating that they can maintain the ultrafine 

size under the periodical thermal influence during LPBF, owing to the low diffusivity 

and solid solubility of Ni in fcc-Al [33]. A recent work reported the formation of nano-

sized thermal stable Al3Ni intermetallic particles with an ultrafine size of 33 nm 

dispersed ubiquitously in a LPBF Al-Ni alloy [31], similar to the findings in this study.  

Another interesting microstructural feature is the ultrafine nano-cellular networks 

in the aluminum grains, as presented in Fig. 4(c). As mentioned above, a large fraction 

of Cu and Mg solutes are trapped by the high SFV during LPBF. The transition of 

crystal growth modes during solidification has been observed in the sequence of planar

→cellular→dendritic→ cellular→planar with the increase of SFV [79]. Given a 

condition of high SFV, a single-phase planar growth is expected above a critical SFV, 

slightly below which a coupled two-phase growth occurs, forming ultrafine-sized 

cellular structure, as reported in an Al-4Cu alloy at a critical velocity of 1.7 m/s [77]. 

Such cellular→planar transition is also indicated in the electrospark deposition of a 

ternary Al-Li-Cu alloy [80,81]. An ultrafine nano-cellular structure was observed at a 

high SFV of 1~2 m/s with a cell spacing of ~ 40 nm. The cell boundaries are enriched 
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in Li/Cu resulted from the entrapment of the Cu and Li solutes. Similarly, in this study, 

the formation of the intragranular ultrafine nano-cellular structure is attributed to a high 

SFV of 0.5~1.2 m/s in the melt pool, from the simulation results in Fig. 6(d). The cell 

boundary is defined by the Cu/Mg-rich network, originated from the entrapment of Cu 

and Mg solutes. The cell spacing and the solidification conditions can be quantitatively 

correlated by the Kurz–Giovanola–Trivedi (KGT) model [82,83] (see Supplementary 

Material C). In this work, given ranges of the simulated SFV (0.5~1.2 m/s) and thermal 

gradient G (1.3~1.5×107 K/m) in Fig. 6(d), the cell spacing is estimated as 26~34 nm, 

which is close to the observed cell size (~30 nm) in the microstructure of Fig. 4(c).  

 

 

Fig. 6. Simulation results showing (a) temperature variation with time at different 

positions of the melt pool with (b) the local magnified zone within the solidification 

temperature range (Tl ~ Ts) during the cooling process; (c) The average cooling rate at 
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different positions of the melt pool within the solidification temperature range; (d) 

Temperature gradient and solidification front velocity at different positions of the melt 

pool. 

 

4.2.Mechanical properties  

The LPBF TiB2/Al composite exhibits a high YS of ~370 MPa, a UTS of ~450 

MPa, with an appreciable elongation of ~7 % at the as-built state without post heat 

treatment. The outstanding mechanical properties are attributed to the greatly refined 

micro-nano architectured microstructure. Apart from the grain size refinement and solid 

solution strengthening of the matrix, as commonly reported in LPBF aluminum alloys 

[84], additional strengthening mechanisms such as geometrically necessary 

dislocations (GNDs) strengthening and Orowan strengthening are affected by the 

presence of the bimodal TiB2 particles, the remarkably refined intermetallic 

nanoparticles and cellular networks in the LPBF composite. A comprehensive analysis 

of the strengthening mechanisms associated with the microstructural features is given 

explicitly (see Supplementary Material D). The contributions of different strengthening 

mechanisms to YS in LPBF and hot-rolled composites are compared in Fig. 7 

graphically, showing a satisfactory prediction between the theoretical and the 

experimental results as shown in Fig. 7(b). 

Specifically, for the LPBF composite, a major increment in strength comes from 

GND strengthening and Orowan strengthening, while, grain refinement, solid solution 

strengthening and load bearing strengthening mechanisms show minor contributions to 
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the YS of the LPBF composite in Fig. 7(a). Compared to the hot-rolled composite, the 

LPBF composite shows an extraordinary improvement of ~170 MPa in YS, among 

which the total contribution of grain refinement, solid solution strengthening and load 

bearing strengthening is only ~40 MPa as shown in Fig. 7(a). Comparatively, the large 

number of nanoparticles in the LPBF composite result in a remarkable increase of the 

YS by dislocation strengthening. The GNDs and Orowan strengthening from the 

nanoparticles in the LPBF composite exceed the summation of GNDs strengthening, 

Orowan strengthening, and work hardening of its hot-rolled counterpart by ~130 MPa 

to the YS, as shown in Fig. 7(b). The improvement of YS in the LPBF composite is, 

therefore, mainly attributed to the high number density and ultrafine intragranular TiB2 

and intermetallic nanoparticles formed in LPBF.  

AM of aluminum alloys has been acknowledged for being effective in grain 

refinement and solid solution strengthening by solute trapping due to rapid 

solidification. However, since the low 𝑘𝐻𝑃 value (Hall-Patch coefficient) of aluminum 

alloy [68], the strengthening potency from grain refinement is limited (about several 

tens of MPa) even though the grain size can be refined to the magnitude of several 

micrometers. The solid solution strengthening effect can be tailored by adjusting the 

alloy composition through increasing the weight percentages of solid solution elements, 

such as Mg and Mn in aluminum alloys [84,85]. Nevertheless, the increase in strength 

is still limited (about 10~20 MPa·wt.%-1), unless large amount solute elements are 

introduced [86]. In comparison, nanoparticles show a high potential in strengthening 

(over 200 MPa) by increasing the dislocation density in the aluminum matrix 
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significantly, especially when the nanoparticles are distributed inside the grains/cells 

with a large fraction and ultrafine size, according to related works [13,87] and in this 

study.  

The strengthening mechanism for the cellular structure was reported in LPBF 

AlSi10Mg alloy [88,89]. It was proposed that stress partitioning between aluminum 

matrix and Si-rich cell boundaries by forming dislocation “forests” around cellular 

boundaries, which is different from conventional precipitate/particle strengthening for 

aluminum alloys. A cellular structured AlSi10Mg shows higher YS than its partial or 

non-cellular structured counterparts [89]. In comparison, the nano-cellular structure in 

this study has a much finer cell size (~ 30 nm) than that of the LPBF AlSi10Mg alloy 

(typically several hundreds of nanometers [88,89]). A different strengthening 

mechanism is possible, which needs further investigation. The quantitative contribution 

to YS from the nano-cellular structure has been left undiscussed despite of their 

potential strengthening effects. It should be also noted that the addition of 0.11 wt. %Sc 

plays mainly a major role in modifying the bimodal TiB2 particulates as demonstrated 

in Section 4.1. As a result, Al3Sc phase is unlikely to form according to the Al-Sc phase 

diagram [90]. The strengthening of Al3Sc precipitates in other studies [85,91] is, 

therefore, not expected in the LPBF composite. Moreover, the existence of the pores as 

shown in Fig. 2(d) will undoubtfully affects the strength and ductility of the LPBF 

composite adversely [92]. As a result, the experimental YS is slightly lower than the 

theoretically evaluated YS as shown in Fig. 7(b). 
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Fig. 7. (a) Stacked histograms showing the YS increment of each known strengthening 

mechanism individually and (b) Stacked histograms comparing the predicted YS with 

the experimental YS for the LPBF and hot-rolled composites. (c) Schematic illustration 

of the DPZ around the reinforcing particles as well as PFZ referring to the LPBF 

composite with fine grains and uniformly dispersed micro-TiB2 particles. (d) A local 

magnified EBSD image showing the DPZ and PFZ in the microstructure. 

 

The LPBF composite also shows a significantly higher ductility than its hot-rolled 

counterparts and superior to the hot-rolled alloys at both as-rolled and T6 state, as 

shown in Fig. 1(b). Apparently, the enhanced ductility is attributed to the uniform 
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distribution of both nano-TiB2 and refined intermetallic particles in the LPBF samples. 

It was reported that the spatial arrangement of the particles influences the ductility by 

affecting the deformation of neighboring grains [93]. According to Ashby’s theory [94], 

when the local stress around the reinforcement exceeds the yield strength of the matrix, 

the dislocation loops are punched out into the matrix and accumulating inside a 

“dislocation punched zone” (DPZ) around the particles. The strength is enhanced inside 

the DPZ due to a localized high density of dislocations. As a result, a DPZ acts as a 

single hard domain, while the matrix outside the DPZ acts as a soft domain 

comparatively, called “particle free zone” (PFZ) in referencing to others [87,95]. For 

the uniformly distributed micro-TiB2 particulates in the LPBF composites, the size of 

DPZ (2𝑅punch ) is calculated as 1.12 μm from Eqs. S28~S30 (see Supplementary 

Material D). Given the total micro-TiB2 volume fraction, the average interparticle 

spacing (s) of the micro-TiB2 particulates is estimated as 2.4 μm by Eq. 2, larger than 

the size of DPZ. In this situation, the DPZ around each particulate is almost isolated, as 

noted in Fig. 7(c) and evidenced by the EBSD image in Fig. 7(d). It was proposed that 

the grains in PFZ have higher deformability for strain bearing and retarding the 

propagation of cracks into the neighboring DPZ zones [87,96]. Meanwhile, shear bands 

initiated in PFZ can be arrested in DPZ of higher yield strength, suppressing the shear 

band extension [97]. As a result, the ductility and the strength can be simultaneously 

increased. In contrast, in the hot-rolled composites, most TiB2 particulates agglomerate 

at the grain boundaries as shown in Fig. S1(d), causing the embrittlement of the grain 

boundaries and limiting the deformation of matrix grains. 
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Overall, the LPBF composite in this study shows remarkable higher YS and UTS, 

as well as superior ductility than the hot-rolled alloy and composite at T6 state, 

attributed to the unique microstructural features generated by LPBF. Further 

strengthening is potential by aging treatment, as reported for other LPBF Al-Cu-Mg 

alloys [25,46]. Economically, the LPBF composite is also competitive to other additive 

manufactured Al-Sc alloys (such as Scalmalloy®) [10,11] due to a much less Sc content. 

In addition to the outstanding mechanical properties at ambient temperature, the 

mechanical properties of the LPBF composite at elevated temperatures are also 

promising. Firstly, the greatly refined microstructure features (grain size, bimodal sized 

TiB2 particle, intermetallic phases) can still provide superior strengthening effects at 

elevated temperature than the traditional casting microstructures. Secondly, the Al-Ni-

(Cu) type intermetallics, such as Al3Ni, τ-Al7Cu4Ni, and Al3(Ni, Cu) are thermally 

stable and coarsening at a very low rate due to the low diffusion coefficient of Ni in the 

aluminum matrix at elevated temperature, resulting in exceptional mechanical 

properties and heat resistance [31,37]. Additionally, the inherent thermal stable TiB2 

ceramic particles generally maintain the particulate strengthening effect at elevated 

temperatures. The intergranular micro-TiB2 particulates inhibit the growth of aluminum 

grains following Zener-pinning mechanism, strengthening the grain boundaries and 

maintaining a fine grain size [98]. Therefore, the high-strength LPBF composite of this 

work is a promising candidate for applications as engine components of complex 

geometry for the automobile and aerospace industries. 
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5. Conclusions  

A TiB2/Al-Cu-Mg-Ni composite is additive manufactured by LPBF of gas-

atomized composite powders containing in-situ TiB2 particulates in the presence of a 

minor amount of Sc. The composite almost doubles the strength of its wrought matrix 

alloy, being one of the best among LPBF Al-Cu-Mg alloys and their composites, 

associated with its unique highly refined micro-nano hierarchical microstructure. The 

following conclusions are drawn.  

In the LPBF composite, micro-sized TiB2 particulates are dispersed uniformly 

inside a refined aluminum matrix of an average grain size of ~3 μm. Meanwhile, nano-

sized TiB2 and Cu/Ni-rich intermetallic particles are dispersed ubiquitously throughout 

of the aluminum grains. The TiB2 nanoparticles are formed from the partial dissolution 

of the micro-TiB2 particulates and the enrichment of Sc during LPBF. Meanwhile the 

formation of intermetallic nanoparticles is attributed to the high cooling rate of the melt 

pool in solidification. Additionally, ultrafine nano-cellular networks (cell size 30 nm) 

defined by Cu/Mg-rich cell walls formed inside the equiaxed aluminum grains.  

The LPBF composite presents superior mechanical properties with a yield strength 

of ~370 MPa, an ultimate tensile strength of ~450 MPa and an elongation of ~7 %. 

Quantitative analyses reveal the major strengthening mechanisms being GNDs and 

Orowan dislocation strengthening, a synergistic effect of the bimodal TiB2 particles and 

intermetallic nanoparticles, and potentially the nano-cellular networks inside the 

aluminum grains. The ductility is improved simultaneously by the uniform spatial 

arrangement of the bimodal particulates.  
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The main contributions and novelty of the research are given in the following.  

LPBF greatly refines the microstructure of TiB2/Al-Cu-Mg-Ni composite, resulting 

in ubiquitous bimodal TiB2 reinforcing particles in the alloy matrix. Meanwhile, 

intermetallics are refined as ultrafine nanoparticles. Additionally, the formation of 

nano-cellular network that have rarely been reported in LPBF Al alloys and composites 

is revealed. These shed light on the role of additive manufacturing in tailoring the 

microstructure of particulate reinforced MMCs. 

The LPBF TiB2/Al composite show mechanical properties comparable to the T6 

commercial wrought Al2618 alloy and composites and being one of the best among 

LPBF Al-Cu-Mg alloys and their composites. The novel LPBF TiB2/Al composite is a 

promising candidate lightweight high-strength material for additive manufacturing 

components of complex geometry for automobile and aerospace industries. 
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